We report some conceptual and numerical results for a single-column chromatographic process analogous to a simulated moving bed (SMB) with asynchronous port switching. It is shown that the periodic state of the multi-column SMB unit is reproduced by a one-column chromatograph in which the part of its outlet stream that is not recovered as product is recycled back to the column with a lag of (N − 1)τ time units, where N and τ are, respectively, the number of columns and the switching interval of the equivalent SMB unit. This requirement holds true regardless of the port configuration or operational scheme of the analogous multi-column unit. The proposed onecolumn chromatographic process is a more compact, less expensive and simpler-to-operate alternative to the SMB. By changing the operation of the singlecolumn chromatograph from the classical synchronous port switching to an optimized asynchronous Varicol mode, it is shown that one can easily compensate for a less perfect operation of the plug-flow device that implements the recycle lag.
INTRODUCTION
Simulated moving-bed (SMB) chromatography has been increasingly applied for the separation of pure substances in the pharmaceutical, fine chemistry and biotechnology industries, from laboratory to pilot to production scale (Jupke et al. 2002) . The SMB has many advantages with respect to discontinuous batch chromatography (Nicoud 1992) , such as higher product purity, less solvent consumption and higher productivity per unit stationary phase (Jupke et al. 2002; Strube et al. 1998; Wankat 1990) .
It has been shown recently that SMB performance can be significantly improved by varying selected operating parameters over the duration of the switching interval. These include, amongst others, the asynchronous shift of the inlet and outlet ports (Ludemann-Hombourger et al. 2000a,b) , modulation of the solvent strength (Antos et al. 2000) , and cyclic modulation of the feed flow (Zang and Wankat 2000; Zhang et al. 2003) and feed concentration (Schramm et al. 2003) . These advances are pushing the trend towards the use of units with smaller numbers of columns (Lehoucq et al. 2000; Nicoud and Majors 2000; Pais and Rodrigues 2003) , since less stationary phase is used and the setup is more economical and flexible (Ludemann-Hombourger et al. 2000a,b) .
In several applications of SMB technology, it would be advantageous to work with the limiting case of a single column. Because only one column would have to be repacked, switching from one mixture to another would be easier and take less time than with a standard SMB. This is especially important for the pharmaceutical industry, where SMBs are seen as multipurpose units that can be applied to different separations at all stages of the drug development cycle (Juza et al. 2000) . It has recently been shown that this can be achieved by one-column chromatographs that mimic the operation of a multi-column SMB with a single column (Abunasser et al. 2003; Abunasser and Wankat 2004 , 2006 Araújo et al. 2006a; Mota and Araújo 2005) .
The theory of single-column chromatography with recycle, analogous to SMB, has only recently been developed (Araújo et al. 2006a; Mota and Araújo 2005) . In particular, we have demonstrated that the periodic state of the SMB is reproduced by a single-column chromatographic process with a plug-flow device that implements a recycle lag of (N − 1)τ time units, where N and τ are, respectively, the number of columns and the switching interval of the equivalent SMB process. Theoretically, this single-column process is indistinguishable from the analogous SMB, except for the discontinuous use of the inlet/outlet lines. We have shown that, depending on the efficiency of the plug-flow device, our single-column process can achieve the same purities and specific productivity of the analogous SMB unit.
THEORETICAL BASIS FOR THE SINGLE-COLUMN CHROMATOGRAPH ANALOGOUS TO THE SMB
The SMB is a practical way of implementing a counter-current chromatographic process. The system consists of N identical chromatographic columns connected in series to build a closed loop. By moving the input and withdrawal ports to the column ahead (i.e. in the direction of fluid flow) at fixed intervals, the counter-current contact between the adsorbent and the liquid is simulated. A schematic diagram of a typical four-section SMB is shown in Figure 1 ; more details 648 J.M.M. Araújo et al./Adsorption Science & Technology Vol. 25 No. 9 2007 Extract (X), t can be found elsewhere (Araújo et al. 2006a; Migliorini et al. 1999; Mota and Araújo 2005; Ruthven and Ching 1989) .
The theoretical framework for establishing the necessary conditions for a single-column chromatographic process to reproduce the periodic state of the SMB is briefly reviewed here. Figure 2 shows the schematic representation of a generic node connecting two consecutive columns, say j − 1 and j, of an SMB unit. The notation employed is as follows: Q is the liquid flow rate and c in 1,j − 1 is the corresponding solute concentration at the inlet of column j: the solute concentration and flow rate of the external inlet/outlet lines are identified by the letters E (eluent), X (extract), F (feed) and R (raffinate).
The individual node balance for solute i between two adjacent SMB columns can be written as:
( 1) where Q I , . . . . Q IV are the flow rates in the four sections of the SMB; these are determined by the global node balances:
Because of the circular arrangement of the columns and the periodic nature of the inputs (Q I....IV ; c i F ; c i E ), the process converges asymptotically towards a cyclic steady-state (CSS) regime. The definition of the CSS regime depends on the reference frame. If the observer is stationary, each column is identified according to its fixed position within the unit (or its index number j). In this case, the CSS condition is: where q ij is the adsorbed-phase concentration of solute i in column j, and z is the axial coordinate along the column whose length is L. Equation (6) states that, under CSS conditions, the spatially-distributed concentration profiles in each column are repeated every Nτ time units (i.e. are Nτ-periodic). If the frame of reference moves with the inlet/outlet lines, the CSS condition can be expressed as:
Equation (7) provides an alternative definition of the CSS for a standard SMB process: the spatially-distributed concentration profiles between two consecutive columns are identical, but with a phase shift of τ time units (i.e. the whole unit is τ-periodic).
Using the CSS conditions to look into past process time, we can write:
The resulting solute node balance, which refers to a single column, is:
where tЈ = t − (N − 1)τ and, for simplicity, the j subscript is omitted because its value is fixed (we are tracking the dynamic behaviour of a fixed column of the SMB unit). Clauses 'feed mode' and 'eluent mode' apply to the interval of the cycle during which the column is in the left-most position of zone I and zone III, respectively. The choice of the value for j is arbitrary because all columns are assumed to be identical and undergo the same cycle. Equation (9) defines a single-column batch chromatographic system that has the same CSS dynamics as a fixed column of the equivalent multi-column chromatographic process. The time lag of (N − 1)τ is a consequence of the circular column arrangement and periodic nature of the process operation (Mota and Araújo 2005). Note that in equation (9) c i out is the concentration that left the column (N − 1)τ units before, whereas in the node balance of the SMB model, i.e. equation (1), c i out is the outlet concentration from the preceding column at the current instant. Figure 3 provides a block diagram of equation (9), where it is shown that by applying the CSS condition, backward in time, to the solute node balance, the periodic state of the SMB process is Araújo et al./Adsorption Science & Technology Vol. 25 No. 9 2007 Lag of (N -1)τ time units reproduced by the single-column chromatographic model whose node balance is given by equation (9). A comparison between the operating cycle of the simplest four-zone SMB (the one with port configuration 1/1/1/1) and that of the equivalent single-column model is shown in Figure 4 . It is seen that the single-column model is obtained by selecting an arbitrary column (shaded area) of the SMB unit and following its operation over a complete cycle. The recycle streams from the other columns of the SMB are replaced by the recycle stream of the single column at previous times. Under CSS conditions, the two models cannot be discriminated, except for the discontinuous use of the inlet/outlet lines by the single-column model. Under these circumstances, the SMB process is equivalent to N identical single-column processes operating in parallel with phase lags of τ time units.
PRACTICAL IMPLEMENTATION OF SINGLE-COLUMN CHROMATOGRAPH WITH RECYCLE LAG
The implementation of our single-column chromatographic process with recycle lag is illustrated in Figure 5 for the case where it mimics an SMB with a 1/1/1/1 port configuration. The 
. Schematic representation of an operating cycle for (a) an SMB with port configuration 1/1/1/1 and (b) its equivalent single-column system with a recycle lag. The latter is obtained by selecting an arbitrary column of the SMB unit (e.g. column 3) and following its operation over a complete cycle (shaded area). The recycle streams from the other non-existent SMB columns are mimicked by recycling, with a lag of (N − 1)τ time units, the portion of the outlet stream of the column that is not withdrawn as product. The feed, eluent, raffinate and extract streams are identified by the letters F, E, R and X, respectively. chromatographic column is connected in a loop to a plug-flow tube which has a spring-actuating piston at one end. The spring is continuously pushing the piston against the fluid. The movement of the piston compensates for the difference between the inlet and outlet flow rates. The tube has internal elements, or packing, to break up the velocity distortion (Poiseuille flow) due to the non-slip of the fluid at the tube walls and to provide a flow which is as close as possible to plug flow. The operation of the single-column process shown in Figure 5 is as follows. During the first switching interval of the cycle, the column is operating as if it were in section III of the equivalent SMB. The recycle stream is pumped from the tube with a flow rate Q II = εv II A c , where A c is the cross-sectional area of the chromatographic column, is mixed with the feed and introduced into the column with an interstitial velocity v III . Part of the outlet stream from the column is collected as raffinate with a flow rate Q R = ε(v III − v IV )A c , the other part is fed into the recycle tube with a flow rate Q IV = εv IV A c . Given that Q II > Q IV , the piston expands to compensate for the reduction in the volume of liquid in the recycle tube. During the second and fourth switching intervals, the chromatographic column is, respectively, in section II and section IV of the equivalent SMB system. In both cases, the separation unit operates in a closed loop with the liquid being fed and withdrawn from the recycle tube at the same rate. The piston is stationary during both switching intervals. During the third switching interval the column is in section I; part of its outlet stream is withdrawn as product (extract) with a flow rate Q X = ε(v I − v II )A c , the rest is fed to the recycle tube with a flow rate Q II . Liquid is pumped from the recycle tube with a flow rate Q IV , diluted with fresh eluent and fed into the column with an interstitial velocity v I . Since Q II > Q IV , the piston contracts to accommodate the extra liquid that is being accumulated in the recycle tube.
The proposed single-column process can be equally applied to asynchronous operation and modulations of other operating parameters over the switching interval. To better understand the concept and operation of our single-column process, the operating schemes of an SMB, Varicol and analogous single-column models are illustrated schematically in Figure 6 over two switching intervals. The Varicol process is based on an asynchronous shift of the inlet and outlet ports; this is in contrast to the SMB process which employs a synchronous shift of the inlet/outlet lines. Let us take as an example the simple Varicol process shown in Figure 6 . For this process, the column configuration changes from 1/1/2/1 over the first half of the switching interval to 1/2/1/1 over the second half of the switching interval. This is achieved by shifting the feed port forward by one column and finally returning to the original configuration of 1/1/2/1 by shifting the eluent, extract and raffinate ports one column forward. As a result, this Varicol process has two different column configurations during each switching interval due to the local shifting of the ports. The number of columns in one zone varies with time within a switching interval, but the number of columns in each zone returns to the starting value at the end of the switching interval. In terms of the average number of columns allocated per zone, this corresponds to a 1/1.5/1.5/1 column configuration.
The asynchronous port switching of a Varicol system adds extra degrees of freedom that can be optimized for enhancing productivity or reducing solvent consumption. This leads to a mixed integer non-linear programming problem whose solution procedure is, in general, quite complex
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Single-column analogous Varicol Figure 6 . Operation of an SMB, that of a two-step Varicol system and those of the respective single-column analogues over the first two switching intervals of the cycle. The five-column SMB and Varicol configurations are respectively 1/1/2/1 and 1/1.5/1.5/1. The operations of the single-column processes are determined by selecting an arbitrary column (e.g. the hatched one) of the corresponding multi-column process, and following its operation over a complete cycle. (Araújo et al. 2006b ). For example, a port may shift more than once during a switching interval and can temporarily move back. The analogous single-column model is obtained by selecting the hatched column in Figure 6 of the corresponding SMB or Varicol processes. Since there are five columns, the duration of the complete cycle is 5τ; for the sake of brevity, we will only describe the operation of the one-column Varicol analogue for the first two switching intervals (2τ). During the first half of the first switching interval (0 − 1 ⁄2τ), the column is operating as if it were in section III of the equivalent Varicol process. The recycle stream is pumped from the tube with a flow rate Q II and is mixed with the feed and inputted into the column with an interstitial velocity v III . The outlet stream of the column is fed into the recycle tube with a flow rate Q III . Given that Q III > Q II , the piston contracts to accommodate the extra liquid that is being accumulated in the recycle tube.
During the second half of the first switching interval ( 1 ⁄2τ − τ) and during the second switching interval (τ − 2τ), the column is operating as if it were in section II of the equivalent Varicol system. During this time, the piston is stationary and the separation unit is operating in a closed loop, with liquid being fed and withdrawn from the recycle tube at the same flow rate.
ANALYSIS, APPLICATIONS AND RESULTS
For brevity of presentation, a single case of chromatographic separation is analyzed here. The conclusions, however, are of general applicability. The selected case is the binary separation of binaphthol enantiomers on cellulose triacetate using heptane/isopropanol (72:28) as eluent (Pais et al. 2003) . The adsorption equilibrium is well described by a bi-Langmuir competitive isotherm model (Nicoud and Seidel-Morgenstern 1993) .
The analysis is carried out for four different SMB port configurations: one (1/1/1/1) and two (2/2/2/2) columns per section, five columns (1/2/1/1), six columns (1/2/2/1) and seven columns (2/2/2/1). The analysis is also extended to three different Varicol port configurations: five columns (1/1.5/1.5/1), six columns (1.5/1.5/1.5/1.5) and seven columns (1.5/2/1.5/2).
A suitable set of operating parameters was obtained by minimizing the flow ratio Q E /Q F (this is equivalent to minimizing the eluent consumption) for two SMB port configurations, the (1/1/1/1) and the (2/2/2/2). The operating parameters for the other SMB configurations were adapted from the four-column SMB (1/1/1/1); the flow rates and cycle duration (Nτ time units) were maintained, but the switching interval was scaled by a factor of 4/N. The operating parameters for the Varicol configurations were obtained from the four-column SMB by scaling the overall switching interval by a factor of 4/N and then dividing it into two sub-intervals of equal size. The model parameters and operating conditions for the binary separation are listed in Table 1 .
The objective of the present work is not to report a full process optimization study, but to demonstrate the applicability of our single-column process to asynchronous operation and to show the benefits obtained by adopting this operating scheme.
We define a Péclet number for hydrodynamic dispersion in the plug-flow tube as:
where u t is the velocity at which the fluid is withdrawn from the tube and L t is the average effective length of the tube (as measured from the piston to the other end of the tube). The dispersion coefficientD accounts for the spread of the concentration profiles by the presence of molecular diffusion and velocity distortion (hydrodynamic dispersion). Here, Pẽ is used as a general parameter to account for deviations from perfect plug flow in the tube and to demonstrate the practical need for an efficient plug-flow device for the system to work correctly. The purity results are summarized in Figure 7 where it is shown that as the value of Pẽ is increased the purities of our single-column process approach those of the equivalent SMB and Varicol processes. Figure 8 shows the spatial profile of solute concentration over the four sections of the units mimicked by the single-column process for two port configurations: (a) 1/2/1/1 and (b) Varicol 1/1.5/1.5/1. The figure provides some insight into the mechanism through which Pẽ influences the product purity. The data plotted in Figure 8 were obtained under CSS conditions. To generate each spatial concentration profile, several snapshots of the concentration profile in the column of the analogue were taken with a sampling period equal to τ (as indicated in the respective graphics) and then plotted sequentially. Note that the number of snapshots of the spatial concentration profile required to construct the profile spanning the four sections of the equivalent Varicol (1/1.5/1.5/1) is the double of the number of snapshots of the SMB (1/2/1/1) because the Varicol is obtained by dividing the switch interval (τ) of the SMB into two sub-switch intervals. Port configuration τ (min) SMB 1/1/1/1 6.69 SMB 1/2/1/1 4/5 × 6.69 SMB 1/2/2/1 4/6 × 6.69 SMB 2/2/2/1 4/7 × 6.69 Varicol 1/1.5/1.5/1 4/5 × 6.69 Varicol 1.5/1.5/1.5/1.5 4/6 × 6.69 Varicol 1.5/2/2/1.5 4/7 × 6.69 SMB 2/2/2/2 4.78 Dispersion in the plug-flow tube reduces the solute concentration where it is higher and increases it where it is lower. This has a double negative effect on product purity since it decreases the concentration of the target solute near its withdrawal point and increases that of the impurity. These results demonstrate the practical need for an efficient plug-flow device for the system to work efficiently. Deviations from plug flow in the recycle tube can be compensated by performance improvements obtained through the numerous possibilities of modulating the values of selected operating parameters during the switch interval. The novel cycles add extra flexibility to our process and the improvement in performance obtained compensates for a less-perfect operation of the recycle tube. For example, it is seen from Figure 7 that the purities obtained with our single-column process mimicking the 1/1.5/1.5/1 and 1.5/2/1.5/2 Varicol configurations are higher for all values of Pẽ than the corresponding five-and seven-column SMB configurations. Figure 9 shows chronograms of port switching for the two different five-column configurations depicted in Figure 8 . The top chronogram reproduces the five-column SMB process (1/2/1/1) and the bottom chronogram describes the asynchronous port switching for a five-column Varicol process with an average number of columns per zone of 1/1.5/1.5/1.
CONCLUSIONS
The single-column system proposed in this work is a more compact, less expensive and simpler-to-operate alternative to the SMB that can potentially achieve the same purities whilst keeping the same specific productivity. Because the process uses a single column, the need to obtain adequate packing reproducibility on several columns is not an issue.
The versatility of our single-column process allows the application of numerous possibilities for improving the SMB performance through the variation of various operating parameters during the switch interval. The implementation of the Varicol concept to our system improved its performance, compensating for a less-perfect operation in the recycle tube. This advantage is retained when other cyclic operation policies such as Power-Feed (Zhang et al. 2003) or ModiCon (Schramm et al. 2002) are applied to our single-column process. Figure 8 . Spatial concentration profiles of the less-retained component (top plots) and more-retained component (bottom plots) at the middle of a switch interval for the proposed single-column process analogous to (a) a four-section SMB with the port configuration 1/2/1/1 and (b) a four-section Varicol with the port configuration 1/1.5/1.5/1. The results are given for various values of the hydrodynamic Péclet number in the recycle tube, Pẽ , and were obtained after the system attained CSS conditions. To construct the spatial concentration profile spanning the four sections of the equivalent SMB (a), five snapshots of the profile in the column were taken with a sampling period equal to τ (as indicated by the vertical grey bars). Note that the number of snapshots required to construct the profile spanning the four sections of the equivalent Varicol is double the number of snapshots of the SMB because the Varicol is obtained by dividing the switch interval (τ) of the SMB into two sub-switch intervals. . Chronograms of port switching for the SMB with port configuration 1/2/1/1 and for the Varicol with port configuration 1/1.5/1.5/1 referred to in Figure 8 .
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